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Heavy quark potential and jet quenching parameter in a D-instanton background
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Using the AdS/CFT correspondence, we study the heavy quark potential and the jet quenching
parameter in the near horizon limit of D3-D(-1) background. The results are compared with those
of conformal cases. It is shown that the presence of instantons tends to suppress the heavy quark
potential and enhance the jet quenching parameter.
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I. INTRODUCTION
One main purpose of the heavy-ion collision experiments is to explore the properties of the new state of matter
created through collisions. The experiments at RHIC and LHC have produced a new state of matter so-called
”strong quark-gluon plasma(sQGP)” [1–3]. Thus, non-peturbative techniques are required such as the AdS/CFT
correspondence [4–6].
AdS/CFT, the duality between the type IIB superstring theory formulated on AdS5 × S5 and N = 4 SYM in
four dimensions, has yielded many important insights into the dynamics of strongly-coupled gauge theories. In this
approach, many quantities such as the heavy quark potential and the jet quenching parameter can be studied.
The heavy quark potential is an important quantity which can be related to the melting of heavy quarkoniums,
one of the main experimental signatures for sQGP formation. The first calculation of the heavy quark potential for
N = 4 SYM at zero temperature was carried out by Maldacena [7]. It was observed that for the AdS5 space the
energy shows a purely Coulombian behavior, agrees with a conformal gauge theory. This work has attracted lots of
interest. After [7], the heavy quark potential in the context of AdS/CFT has been investigated in many papers. For
example, the potential for N = 4 SYM at finite temperature has been discussed in [8, 9]. The potential for different
spaces is investigated in [10]. The sub-leading order corrections to this quantity are considered in [11] and [12]. For
study of the potential in some AdS/QCD models, see [13–15]. Other important results can be found, for example, in
[16–19].
Another important quantity sensitive to the in-medium energy loss is jet quenching parameter qˆ(or transport
coefficient). This quantity describes the average transverse momentum square transferred from the traversing parton,
per unit mean free path [20, 21]. The jet quenching parameter for N = 4 SYM theory was first proposed by H.Liu
et al in their seminal work [22]. Interestingly, the magnitude of qˆSYM turns out to be closer to the value extracted
from RHIC data [23, 24] than pQCD result for the typical value of the ’t Hooft coupling, λ ≃ 6π, of QCD. After [22],
there are many attempts to address the jet quenching parameter from AdS/CFT. For instance, the sub-leading order
corrections to qˆ due to worldsheet fluctuations has been discussed in [25]. Charge effect and finite ’t Hooft coupling
correction on the qˆ is investigated in [26]. The qˆ in medium with chemical potential is studied in [27–29]. The jet
quenching parameter in STU background is analyzed in [30]. Investigations are also extended to some AdS/QCD
models [31, 32]. Other related results can be found, for example, in [33–39].
Actually, there is another check of gauge/gravity duality, the correspondence between non-perturbative objects
such as instantons. It was argued [40, 41] that the Yang-Mills instantons are identified with the D-instantons of
type IIB string theory. The near horizon limit of D-instantons homogeneously distributed over D3-brane at zero
temperature has been discussed in [42]. The holographic dual of uniformly distributed D-instantons over D3-brane at
finite temperature has been investigated in [43]. It is shown that the features of D3-D(-1) configuration is similar to
QCD at finite temperature. Therefore, one can expect the results obtained from this theory should shed qualitative
insights into analogous questions in QCD. In this paper, we are going to study the heavy quark potential and the jet
quenching parameter in a D-instanton background. We will investigate the effect of the instanton density on these
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2two quantities. Moreover, we would like to compare the results with those of conformal cases and experimental data.
This is the purpose of the present work.
This paper is organized as follows. In the next section, the background geometry of D3-D(-1) brane configuration
at finite temperature is briefly reviewed. In section III, we investigate the heavy quark potential in this background.
Then we study the jet quenching parameter in this background in section IV. The last part concludes the paper along
with some discussions of the results.
II. D-INSTANTON BACKGROUND
Let us begin with a brief review of the D-instanton background. The geometry is a finite temperature extension
of D3/D-instanton background with Euclidean signature [44]. The background has a five-form field strength and a
axion field which couples to D3 and D-instanton, respectively. The ten dimensional super-gravity action in Einstein
frame is [45, 46]
S =
1
κ
∫
d10x
√
g(R− 1
2
(∂Φ)2 +
1
2
e2Φ(∂χ)2 − 1
6
F 2(5)), (1)
where Φ is the dilaton, χ denotes the axion. By setting χ = −e−Φ + χ0, the dilaton term and the axion term can
cancel. Then the solution with metric in string frame can be written as [43]
ds210 = e
Φ
2 [− r
2
R2
f(r)dt2 +
r2
R2
d~x2 +
1
f(r)
R2
r2
dr2 +R3dΩ25], (2)
with
eΦ = 1 +
q
r4t
log
1
f(r)
, χ = −e−Φ + χ0, f(r) = 1− r
4
t
r4
, (3)
where R is the radius of curvature, ~x stands for the spatial directions of the space time, r denotes the radial coordinate
of the geometry, rt is the radius of the event horizon. The parameter q refers to the number of D-instanton. In the
framework of AdS/CFT duality, q also represents the vacuum expectation value of gluon condensation [43].
The Hawking temperature of the black hole is given by
T =
rt
πR2
. (4)
III. HEAVY QUARK POTENTIAL
In this section, we study the heavy quark potential in a D-instanton background. The heavy quark potential can
be extracted from the expectation value of the following Wilson loop
W (C) =
1
Nc
TrPeig
∮
C
dxµAµ , (5)
where C refers to a closed loop in space time and the trace is over the fundamental representation of SU(N) group.
Aµ is the gauge potential. P enforces the path ordering along the loop C. The rectangular loop is along the time T
and spatial extension L.
The heavy quark potential is related to the expectation value of W(C) in the limit T → ∞,
< W (C) >∼ e−T V (L). (6)
On the other hand, according to the AdS/CFT duality, the expectation value of W(C) is given by
< W (C) >∼ e−Sc , (7)
where Sc is the regularized action which can be derived from the Nambu-Goto action.
As a result, the heavy quark potential is expressed as
V (L) =
Sc
T . (8)
3We now to consider the heavy quark potential in the D-instanton background by using the metric (2). The string
action can reduce to the Nambu-Goto action
S = − 1
2πα′
∫
dτdσ
√−detgαβ, (9)
with
gαβ = Gµν
∂Xµ
∂σα
∂Xν
∂σβ
, (10)
where 12piα′ denotes the string tension, α
′ is related to the ’t Hooft coupling constant λ by
R2
α′
=
√
λ, (11)
and Gµν and X
µ are the metric and the target space coordinates, σα parameterize the world sheet with α = 0, 1.
By using the static gauge
t = τ, x1 = σ, (12)
and supposing that the radial direction only depends on σ,
r = r(σ), (13)
then the Euclidean version of Nambu-Goto action in (2) can be written as
S =
T
2πα′
∫
dσ
√
eΦ[f(r)
r4
R4
+ r˙2]. (14)
We now identify the Lagrangian as
L =
√
eΦ[f(r)
r4
R4
+ r˙2], (15)
where r˙ = dr
dσ
.
Note that L does not depend on σ explicitly, so we have a conserved quantity,
∂L
∂r˙
r˙ − L = constant. (16)
The boundary condition at σ = 0 is:
r˙ = 0, r = rc, (rt < rc), (17)
which yields
eΦ r
4
R4
f(r)√
eΦ[f(r) r
4
R4
+ r˙2]
= const =
√
eΦ(rc)f(rc)
r4c
R4
, (18)
with
f(rc) = 1− r
4
t
r4c
, eΦ(rc) = 1 +
q
r4t
log
1
f(rc)
, (19)
then a differential equation is derived,
r˙ =
dr
dσ
=
1
R2
√
(r4 − r4t )[eΦ(r4 − r4t )− eΦ(rc)(r4c − r4t )]
eΦ(rc)(r4c − r4t )
. (20)
By integrating (20), the distance between the quark-antiquark pair is obtained
L = 2R2
∫ ∞
rc
dr
√
eΦ(rc)(r4c − r4t )
(r4 − r4t )[eΦ(r4 − r4t )− eΦ(rc)(r4c − r4t )]
. (21)
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FIG. 1: Plots of V versus L with three different values of q. Here T = 0.1GeV . From top to bottom q = 0.2, 0.5, 1.0.
Substituting (20) into (14), one finds the action of the quark pair
S =
T
πα′
∫ ∞
rc
dr
√
e2Φ(r4 − r4t )
eΦ(r4 − r4t )− eΦ(rc)(r4c − r4t )
. (22)
This action needs to be subtracted by S0
S0 =
T
πα′
∫ ∞
rt
dr
√
eΦ. (23)
Thus, the regularized action is given by
Sc = S − S0. (24)
Applying (8), we end up with the heavy quark potential in a D-instanton background
V (L) =
1
πα′
∫ ∞
rc
dr[
√
e2Φ(r4 − r4t )
eΦ(r4 − r4t )− eΦ(rc)(r4c − r4t )
−
√
eΦ]− 1
πα′
∫ rc
rt
dr
√
eΦ. (25)
Before going further, we would like to discuss the values of some parameters. The coefficient 1
piα′
and the AdS
radius R do not play any role in the physical discussion, so we set 1
piα′
= 2R2 = 1, the similar assumption can be
found in [47]. In addition, the value of q is related to the gluon condensation < TrF 2 > in boundary theory and
non-zero q implies that the chiral symmetry is broken [43], but in the present work, we only consider the instanton
density q as an external parameter, so we can choose the values of q properly, see also in [48].
To find how the instanton density q affects the heavy quark potential qualitatively. In Fig 1 we plot the potential
V as a function of the inter-quark distance L with a fixed temperature T = 0.1GeV for three different values of q.
In the plots from top to bottom q = 0.2, 0.5, 1.0, respectively. From the figures, we can see clearly that the potential
decreases as q increases. Also, one finds that by increasing q the dissociation length increases. Therefore, the instanton
density tends to suppress the heavy quark potential as well as make the dissociation length longer. Interestingly, some
other corrections such as the sub-leading order corrections [12] and the higher curvature corrections [19] both make
the dissociation length shorter.
IV. JET QUENCHING PARAMETER
Next, we investigate the jet quenching parameter in this D-instanton background. The eikonal approximation relates
the jet quenching parameter with the expectation value of an adjoint Wilson loop WA[C], where C is a rectangular
contour of size L × L−, the sides with length L− run along the light-cone, the limit L− → ∞ is taken in the end.
Under the dipole approximation, which is valid for small transverse separation L, the jet quenching parameter defined
in Ref [20] can be extracted from the asymptotic expression for TL << 1
< WA[C] >≈ exp[− 1
4
√
2
qˆL−L
2], (26)
5where < WA[C] >≈< WF [C] >2 with < WF [C] > the thermal expectation value in the fundamental representation.
Using the AdS/CFT correspondence, one can calculate < WF [C] > according to:
< WF [C] >≈ exp[−SI ], (27)
with SI = S − S0, where S is the total energy of the quark pair, S0 is the self-energy of the isolated quark and the
isolated anti-quark.
Thus, the general relation for the jet quenching parameter can be written as
qˆ = 8
√
2
SI
L−L2
. (28)
By virtue of the light-cone coordinate xµ = (r, x+, x−, x2, x3), the metric Eq.(2) becomes
ds2 = −eΦ2 r
2
R2
(1 + f)dx+dx− + e
Φ
2
r2
R2
(dx22 + dx
2
3) + e
Φ
2
1
2
r2
R2
(1− f)[(dx+)2 + (dx−)2] + eΦ2 R
2
r2f
dr2. (29)
As the Wilson loop in question stretches across x2 and lies at x
+ = constant, x3 = constant, we can choose the
static gauge as
x− = τ, x2 = σ, (30)
and suppose a profile of r = r(σ), then Eq.(29) becomes
ds2 = e
Φ
2 [
1
2
(
r2
R2
− f1)dτ2 + ( r
2
R2
+
r˙2
f1
)dσ2], (31)
where r˙ = dr
dσ
, f1 ≡ r2R2 (1− r
4
t
r4
).
Then the Nambu-Goto action is given by
S =
√
2L−
2πα′
∫ L
2
0
dσ
√
eΦ(
r2
R2
− f1)( r
2
R2
+
r˙2
f1
), (32)
where the boundary condition is r(±L2 ) =∞.
Note that the integrand doe not depend explicitly on σ, so we have a conserved quantity
∂L
∂r˙
r˙ − L = −e
Φ( r
2
R2
− f1) r2R2√
eΦ( r
2
R2
− f1)( r2R2 + r˙
2
f1
)
= C, (33)
which leads to
r˙2 =
f1r
2
R2C2
[
eΦr2( r
2
R2
− f1)
R2
− C2]. (34)
The above Eq.(34) involves determining the zeros and the region of positivity of the right-hand side. It was argued
[22] that the turning point occurs at f1 = 0, implying r˙ = 0 at the horizon r = rt.
As a matter of convenience, we set B ≡ 1
C2
. For the low energy limit (C → 0), one can integrate Eq.(34) to leading
order in 1
B
and obtain the following relation
L = 2R2
∫ ∞
rt
dr
√
1
( r
2
R2
− f1)Bf1r4eΦ
. (35)
On the other hand, plugging Eq.(34) into Eq.(32), one can rewrite the Nambu-Goto action as follows:
S =
√
2L−
2πα′
∫ ∞
rt
dr
√
e2Φ( r
2
R2
− f1)2r2
f1[eΦr2(
r2
R2
− f1)−R2C2]
=
√
2L−
√
B
2πα′
∫ ∞
rt
dr
eΦ( r
2
R2
− f1)r√
eΦ( r
2
R2
− f1)Bf1r2 − f1R2
. (36)
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FIG. 2: Plots of qˆ/qˆSY M versus instanton density q at a fixed temperature. Here T = 300Mev
Likewise, we expand Eq.(36) to leading order of 1
B
,
S =
√
2L−
2πα′
∫ ∞
rt
dr[1 +
R2
2eΦ( r
2
R2
− f1)Br2
]
√
1
f1
eΦ(
r2
R2
− f1). (37)
This action needs to be subtracted by the self energy of the two quarks, that is
S0 =
2L−
2πα′
∫ ∞
rt
dr
√
g−−grr
=
√
2L−
2πα′
∫ ∞
rt
dr
√
1
f1
eΦ(
r2
R2
− f1). (38)
The subtracted action is therefore:
SI = S − S0 =
√
2L−R
2
4πα′B
∫ ∞
rt
dr
√
1
( r
2
R2
− f1)f1r4eΦ
. (39)
Thus, from Eq.(28), Eq.(35) and Eq.(39), we can obtain the jet quenching parameter in a D-instanton background
qˆ =
J(q)−1
πα′
, (40)
where
J(q) = R2
∫ ∞
rt
dr
√
1
( r
2
R2
− f1)f1r4eΦ
. (41)
Note that one can recover the jet quenching parameter of N = 4 SYM theory [22] by plugging the instanton density
q = 0 in Eq.(40).
Numerically, we plot the curve of qˆ/qˆSYM in terms of the instanton density q at a fixed temperature in Fig 2. The
plot shows that the jet quenching parameter in a D-instanton background is larger than that of N = 4 SYM theory.
Also we find that the jet quenching parameter increases as the instanton density increases. This result is in agreement
with that in [35] which argues that for N = 4 SYM theory certain marginal deformations have the effect of enhancing
qˆ.
Furthermore, we would like to compare the results with experimental data. Before going on, we should discuss the
values for α′ and λ at hand. We here take α′ = 0.5, which is reasonable for temperatures not far above the QCD
phase transition [22]. In addition, the typical interval of λ is 5.5 < λ < 6π [49]. We now use α′ = 0.5, λ = 6π and
T = 300Mev to make estimates. From Eq.(40), we find qˆ = 5.0, 5.31, 5.58GeV 2/fm for q = 1, 2, 3. These values of
the jet quenching parameter are consistent with the extracted values from RHIC data(5→ 25GeV 2/fm) [50].
7V. CONCLUSION AND DISCUSSION
In this paper, we have investigated the heavy quark potential and the jet quenching parameter in a D-instanton
background. The dual gravitational theory is related to a near horizon limit of stack of black D3-branes with
homogeneously distributed D-instantons. Although the theory is not directly applicable to QCD, the features of
D3-D(-1) configuration is similar to QCD. Thus, one can expect the results obtained from this theory should shed
qualitative insights into analogous questions in QCD.
In section III, we have investigated the heavy quark potential in this D-instanton background. The potential was
obtained by calculating the Nambu-Goto action of string attaching the rectangular Wilson loop. It is shown that the
presence of instantons tends to suppress the heavy quark potential and increase the dissociation length.
In section IV, the jet quenching parameter has been studied in this D-instanton background as well. It is found
that the nonzero instanton density has the effect of enhancing the jet quenching parameter. Also, after taking some
proper values of α′ and λ, we observe that the results are consistent with the experimental data.
Finally, it is interesting to note that the instanton effects on the heavy-quark potential has also been studied from
lattice QCD recently [51].
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